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SUMIURY 



The air flow in conbust ion chambers is divided into 
three fimdamental classes - induced, forced, and residual. 
A generalized r6sum^ is given of the present status of air 
flow investigations and of the work done at this and other 
laboratories to determine the direction and velocity of 
air movement in auxiliary and integral combustion chambers. 
The effects of air flow on engine performance are mentioned 
to show that although air flov; improves the com.bustion ef- 
ficiency, considerable induction, friction, and therm^al 
losses must be guarded against. 



IITTSODUCTIOIT 



The movement of air in the combustion chambers of 
high-speed int ernal- c ombus t ion engines after the inlet 
valves, or ports, close has been the subject of consider- 
able speculation but of insiif f ic lent experimentation as to 
the exact nature of this air movement. Authors have ex- 
pressed opinions ranging from the belief that all movement 
stops the instant induction ceases, to the conviction that 
an orderly flow persists during compression, combustion, 
and expansion until the gases are released. Also, the 
works of Neumann (reference l) and of Bird (reference 2) 
have shown that air movement has important influences on 
ignition and com.bustion of fuel and air. 

The movement of air in an engine cylinder and com.bus- 
tion chamber is of especial im.portance in a high-speed com- 
pression-ignition engine since the mixing of fuel and air 
must occur in an extremely short time. The f uel- in j ect ion 
system' can be much sim^pler if air movement is used to assist 
the mixing of fuel and air in the combustion chamber. 
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The purpose of this discussion is to give a summary 
of the present knowledge and importance of air movement in 
cylinders and combustion chambers. Air movement caused by 
the use of air injection will be disregarded. 



TYPES OF ATR FLOW. 



The term "air flow" as used in this discussion refers 
to the orderly movement of air throughout an engine cyl- 
inder or combiistion chamber.- The more commonly \Tsed term 
"turbulence" is regarded as the disorderly movement of air 
and is not considered here. ITo distinction is made between 
flow of pure air and of air mixed with residual gases or 
w'i th fuel . • ' 

Air flow may be considered as induced, forced, and 
residual e Induced air flow is due to the pressure differ- 
ence existing between the outside and insid-; of the engine 
cylinder during the induction. The forced air flov/ is due 
to a difference of pressure in parts of the cylinder or 
combustion chamber resulting from the movement of .the pis- 
ton on its compression stroli-e. The residua^ air flow is 
due to the momentum of the air maintaining motion after 
the original cause of the movement has ceased. 

Induced air flow is of comp^.rat ively low velocity - 
200 feet per second or less - -ben^ause the intake- port area 
must be large eno-ugh to give a hi;--.h volumetric efficiency. 
The velocity of the induced air flow changes wi-:!.. the en- 
gine sp:-edo Whr^n this type of ai:/ move-ment is used to 
scavenf:^ a uniflov' t wo- s t r oke- cy c 1 cylinder the form of 
the flov/ is • important-. Tangential ports and helical air 
flow in the cylinder are conducive to bette:. scavenging 
than radial ports with flo.v along the cylinder axis. In- 
duced air flow C£-.n be u^^ed to distribute a well-dispersed 
fuel s'fjJay a^'d can be used as a source of residual air 
flow. The Uoual form of cor.ibustlcn chamber utilizing this 
type of air flow is a simple geomc^tric shape such as a 
short cylinder « 

The forced air movement generally reaches a maximum 
velocity through a restriction either just before or dur- 
ing the early part of the injection period, i.e., approxi- 
mately 20^ B.T.C Thi?: maximum velocity of flow can be 
varied 0\rer a \7ide rang^ ^7 the size of the restricting 
passages in the combustion chamber. The forced air flow 
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may have a vel o'clt^r .high :e.n'ough' ^ the air even with 

a poorly dispersed spray. The time of the maximum flow 
with respect to the crank angle may he varied within lim- 
its- by the design of a displacer on. • the piston to cause 
an .increasing restriction in the air passages just before 
the; top center position.. 

• Induced air flow can occur only during induction, 
forced air flow, can occur only, during compression, while 
residual air: flow persists- during the compression and ex- 
pansion. The induced and forced air flow must .he directed 
aloncj; a smooth and unobstructed path so that a strong re- 
sidual movement will persist. If an excess of minor 
sw'irls form, the general effect will be a damping of all 
flow. 

In combustion chambers, air flow-usually occurs as • 
•combinations of tro or three of th.e fundamental types. 
• The. combust ion chambers employing them may be divided in:*- 
to tro general classifications - the integral- and the 
au'Xiliary- chamber types. . .'. 

The integral combustion chamber (reference 3) having 
. air flow is usually a section of a cylinder in which the 
indu.ced air flow continues as a rotational movement. The 
form of the induced air flow is gOY^erned by a feature of 
the induction system such as tangential passages leading- 
to intal'-.e ports, vanes in induction pipes, shrouded in- 
take valves, or anymeans of directing the air flowing in- 
to the cylinder. Some few integral combustion chambers 
formed in the piston crown have forced and residual air 
flows which are dependent for form and velocity upon' the 
p.iston crown shape and upon the rerraining area which dis- 
places the air near the end of the compression stroke. 

The auxiliary-chamber type (reference 3) has a cham- 
ber containing part of the clearance separate from the cyl- 
inder bore and connected to it by one or more passages. 
With this type, of combustion cham.ber the possible range of 
air flow velocities is very wide and is controlled by the 
area of the connecting passages'. The auxiliary chamber 
may be formed either in the cylinder head or in the. piston 
and has a definite forced and residual air movement, the 
direction and velocity of which m.ust be determined if it 
is to be used to the best advantage. 
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METHODS FOR MEASUREMENT OE AIR FLOW 

The method s dev el oped for analyzing the direction 
and the velocity of air flOv7 in c omtus t i on chamhers have 
"been separate in that the direction is usually estimated 
from the shape of the chamhers and passages and the ve- 
locity calculated from measuring some characteristics of 
the "air flpv/ such as the effective impact. Velocity de- 
terminations have "been made "both "by calculations from 
force .measurements and hy direct measurements "by means of 
aneiiioinet er s . 

Pro"ba"bly the simplest means of determining direction 
is to o'bserve the direction of the grpin of carhon depos- 
its in the comhustion chamber. This method gives informa- 
tion as to air or mixture flow "before com"bustion and gas 
flow during comoustion. Figure 1 shows the car"bon forma- 
tion on the cupped crown of a piston used in a two-stroke- 
cycle test engine with tangential vanes before intake ports 
in the cylinder wall. The tangential markings on the rim 
of the crown are caused "by the induced air f 1 ow as • dir e c t e d 
by the vanes while the markings in the cup of the crown are 
caused by the residual air flow in the combustion chamber. 
That residual air flow was present was further indicated by 
an excel sive carbon deposition iii the cylinder^ head to lee- 
ward of the fuel valve. 

There are a number of cases where trans'parent cylin- 
ders have been used in approximating engine conditions 
and in observations of visible particles susr/ended in the 
flowing air. Hurley and Cooke (reference 4) have reported 
observations, by means of sparks, oil, and water drops in 
combustion chambers, which seem to approach engine opera- 
ting conditions more nearly than any other application of 
the visual method. They have reported that induced air 
flow persists to form a residual free vortex whose form is 
independent of engine speed. These methods give little if 
any information as to velocity of air flow. 

In an engine combustion chamber, H. Hintz (reference 
5) has applied the plate method of recording force and 
has computed velocities up to 20 meters per second at top 
cente'r but does not obtain his best engine performance 
with the highest velocities. An objection to this method 
is that a plate large' enough to give sufficient torque for 
operating the recording apparatus may seriously disturb 
the natural air flow# 
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To determine velocities directly Ricardo (reference 
S) has used a vane anemometer in his cylindrical comtus- 
tion chamher and correlated his engine performance with 
readings of velocity to find a definite relation. This 
method is open to ohjection on the ground of preventing 
the air from assuming its natural flow, in this particu- 
lar case maintaining a forced vortex regardless of a ten- 
dency to "become a free vortex. 

At the IT.A.C.A. laboratory a simple adaptation of 
the plate m.ethod vras used to ohtain an approximation of 
the form and relative velocity of air flow in the K.A.C.A. 
cylinder head No. 3. (?ig. 2.) This cylinder head has a 
pear-shaped precorahus t ion cnamher formed half in the head 
proper and half in a cap attached "by studs. A thin cop- 
per gasket was inserted "between the cylinder head proper 
and the cham."ber cap. This gasket had small ni"bs around 
and protruding inside the cham'ber. Motoring the engine 
caused the air flow to "bend the nihs and "by noting the 
engine speed at which tending started an indication of 
relative air velocity was obtained. The direction and 
axis of air rotation were closely checked by tests with 
several different gaskets. 

Referring to the photograph (fig. 2), the nibs near- 
est in line with the cy 1 inder- t o- chamb er orifice, i.e., 
near the "orifice center line,',' bent at an engine speed 
of 840 r.p.m. The other nibs would not bend until the 
supporting root width was reduced by cutting as shown. 
With this change all nibs were bent at 1,500 r.p.m. as 
photographed, the nibs opposite the "orifice center line" 
being the last and least bent. 

As a further test other gaskets were inserted in 
the auxiliary chamber with two long strips of copper pro- 
jecting across the chamber. After motoring the engine the 
strips were bent to conform closely to the spherical or 
conical shape of the chamber depending on whether the long 
strips projected from the bottom or top of the chamber. 

The results of the tests with the copper strips de?*i- 
Dnstrated that a movement was established which lost miich 
of its force in making abrupt changes of direction so a 
new cap was used which made the auxiliary chamber spher- 
ical. This change in shape resulted in a conservation of 
the e?iergy of the air flow as bending of the copper nibs 
at a lov^er engine speed indicated and as power tests 
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showed an intensification of the effects of. the air flow 
on comhtLstlon as previously reported. (Reference ?.) 
The form o-f- the- air flow was further checked hy noting 
carhon deposited inside the cleaned chamher when motoring 
the" engine. The whirls at the ends of the axis ahout 
wh'ich" the air rotated were distinctly marked.. The copper 
gasket and carjon deposit indications of flow are in close 
agreement. An analysis of th^ conditions of air flow ex- 
istin^^ in the spherical chamher is that the residual flow 
assumes the form of a sphere of air rotating ahout a defi- 
nite axis. 

E?rECT OF AIH FLOW ON SITGINE PERFORMANCE 



The performance of a high-speed, compr es s ion- ignit ion 
engine was' improved "by Kemper '(reference 8) who placed 
vanes in the intake pipe to direct the inducted air toward 
the injection valve. 

The importance of having the correct relation "between 
air flow and fi-^.el spray ;7as shown "by the authors in refer- 
ence 7 in wh.l^-h a series of tests was made with the spher- 
ical pr ecomhu^ t i on chamher and N . A . 0 . A . ■ cyl inder head No. 
3. (See fig 2.) From these tests it is evident that the 
proper relation of air flow to fu^l spray improves engine 
po'^^jer and fuel economy. 

In previous work (reference 9) with N.A C.A. cylin- 
der head No. 4 (fig. 2) with a straight thror^t there was 
no effective air flow, thd distr i'but i on of fuel to the air 
"being effected "by injection from a mul "C ipl e- or if i c e nozzle. 
A tangential throat (see fig. 3) of equal area was fitted 
to the cylinder head such that the forced air flow, though 
of low velocity, r,'as directed to one edge of the vertical, 
disk-shaped com"bustion cham'ber. If the forced air flow 
were strong enough there should have resulted a residual 
rotation of air in ]planes parallel to- the . valve faces. 

The performance testing with the tangential throat 
was done at the same time as the tests reported for the 
straight throat in reference 9. The test unit and test 
conditions were the sam.e except for the su"bs t i tut i on of 
the tangential flow throat. The multiple-orifice nozzle 
No, 17-1, 7;hich. gave the "best resiilts with the straight 
throat, was used with the tangential throat hut the per- 
formance was poor. The performance was also poor when us- 
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tug. a s ingl e- orificenozzle. 

The "best performance with the tangential throat was 
oh.tained with a lip nozzle which directed a na^ro^7, wedge- 
shaped, sheet of spray into the throat. With this arrange- 
ment (fig. 3) the performance used for comparison and dis- 
cussion was ohtained. The angle of the spray from the lip 
nozzle was considered the same as the angle of the lip he- 
cause spray photographs showed that the difference was neg- 
ligihle. The tests started with a lip angle of 35° from 
the vertical which would allow the spray to pass through 
0-ne side of the throat and impinge upon the piston if not 
prevented "by the air flow. The lip angle was increased hy 
5^ increments to 60^ at which angle the spra.y would impinge 
upon the opposite side of the throat unless prevented "by 
the air flow. 

The curves in Figure 4 show that the optim^am perfor- 
mance was obtained when the spray was directed at 50^ v:hich 
was toward the center of the throat, thereby obtaining the 
best relation between the spray and the air flow. Perform- 
ance with the valve turned through an angle of 180^ was 
very poor. For comparison of best performance with and 
without air flow, curves with variable fuel quantities are 
shown in Figure 5 for the 50^. lip nozzle with the tangen- 
tial throat and the mul t ipl e- or if ic e nozzle with the 
straight throat. An examination of the curves in Figure 5 
shows that althou.^rh the brake performance at 1500 r.p.m. 
is slightly better at low fuel quantities ^ith tangential 
air flow it is decidedly poorer over the remaining range, 
but the indicated performance is slightly better even in 
the upper range of fuel quantities. 

These data shov; that the friction horsepower when mo- 
toring at 1,500 r.p.m. was 28 per cent higher with tlie tan- 
gential air flow throat than with the straight throat. 
This increase resi.ilted from the greater friction losses in 
the throat passage. Also, the volumetric efficiency drop-'^ed. 
from 91.0 per cent to 85.5 per cent so that 5.5 per cent 
less air was available for combustion. These two losses 
are the ones most apparent in all schemes for \ising air 
flow and although, the values may be high in this particu- 
lar case, since induction as well as comipression is through 
the throat, it is reasonable to expect such losses to be 
.even greater under power than the;> are while motoring. An- 
other loss that is not q^uite so apparent became evident" 
when the heat losses to the cooling water were determined. 
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Por motoring, the amount of her-t lost t.o the cooling* wa- 
ter amounted to 6.4 per cent *oi the friction horsepower 
for the tangential air flovr condition and ajiiounted to 4.5 
per cent without the tangential air flo-;. The actual a- 
mount of heat lost was 74 per cent greater with the tan- 
gential air flow than without it. This amount could also 
he expected to increase when under power hecau&'e of the 
higher pressures and temperatures involved. 

The magnitude of the losses led to the a ■bandoan-ent of 
this method of air flow i^.tilization with this cylinder head. 
The results agree in part with the results of Alexander's 
work (reference 10), on a larger hut similar cylinder at 
lower speeds, in that some methods of using air flow may 
cause a decrease in engine performance. 

With an understanding of the losses involved, the 
•greater significance of these curves-(fig. 5) is evident. 
The h.mi.e.p, curves show that at the higher fuel quantities 
there is not a sufficient return in "power for the energy 
required hy the air flow although tl^e ivr.-.e.'o. curves indi- 
cate that a go od . c om^has t i on efficiency is maintained. Soth 
maximum- cyl inder-pr e s sure curv es r ema in within r ea s onahl e 
limits althoij.gh the one with the air flow is higher. The 
most noteworthy of the fuel- consunp.t ion" curves is the in- 
dicated fuel consumption with air flow oecause it is near- 
ly a straight line and indicates a more nearly uniform com- 
hustion efficiency than witho"j.t air flow. 

Although at small loads the disp^er s ion of the spray 
hecamxe poor, the air flow was siifficient to aid mixing and 
make hoth the hrake and indicated fuel consumption Dettor 
than without air flow. 



COITCLUSIOIIS 



Any of the three types of air flow m?:y he used :-:dv3:\- 
tageously since, if correctly directed and used witl: the 
proper spray, the air flow "rill he effer.tive as a means of 
ca^ising intimate mixing of fuel and air. 

The methods of measuring air flow have given incom- 
plete and only approximate data insufficient to design en- 
gines to use air flow efficiently. l^ethods should he de- 
veloped to give more exact data of air flow direction and 
velocity throughout the comhustion charaher and cylinder 
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and throiighout the entire cycle, not only to eillow more 
efficient —ase. o.f. the air flov^: out also, to aio the analysis 
of engine performance. 

The ut il i z tit ion of air flow is influenced hy such 
factors as thr o 1 1 1 in^- and daLiping rhich must l.e t^^ken in- 
to account if t he 'benef it s to oe de rived are not to "be 
overh^lanc.ed hy the volumetric, friction, and thermal loss- 
es incurred. However, the resiilts of engine tests indicate 
that proper coordination of air floir?' and fuel spray will 
result in hetter engine performance. . The mixing and com-- 
hustion of .fuel and air hy mieans of air flow should he 'more 
cdmpTete and uniform than when effected hy spray dispersion 
alone. 
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DlrecHon of 




Plg.l Carton foraation on cupped piston crown indicating induced and residual air flow. 




I'ig.2 Copper gasket (above) with nibs "bent by forced air flow in pre~ 
combustion chamber of N.A.C.A. cylinder head.. No. 3 (below). 
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